Background: Clinically, it is still challenging to differentiate aggressive from non-aggressive prostate cancers (Pca) by non-invasive approaches. Our recent studies showed that overexpression of alpha (1-6) fucosyltransferase played an important role in Pca cells. In this study, we have investigated levels of glycoproteins and their fucosylated glycoforms in sera of Pca patients, as well as the potential utility of fucosylated glycoproteins in the identification of aggressive Pca. Material and Methods: Serum samples from histomorphology-proven Pca cases were included. Prostate-specific antigen (PSA), tissue inhibitor of metallopeptidase 1 (TIMP1) and tissue plasminogen activator (tPA), and their fucosylated glycoforms were captured by Aleuria Aurantia Lectin (AAL), followed by the multiplex magnetic bead-based immunoassay. The level of fucosylated glycoproteins was correlated with patients' Gleason score of the tumor. Result: Among three fucosylated glycoproteins, the fucosylated PSA was significantly increased and correlated with the tumor Gleason score (p<0.05). The ratio of fucosylated PSA showed a marked increase in aggressive tumors in comparison to non-aggressive tumors. ROC analysis also showed an improved predictive power of fucosylated PSA in the identification of aggressive Pca. Conclusions: Our data demonstrated that fucosylated PSA has a better predictive power to differentiate aggressive tumors from non-aggressive tumors, than that of native PSA and two other glycoproteins. The fucosylated PSA has the potential to be used as a surrogate biomarker.
Introduction
Prostate cancer (Pca) is the most common cancer of men in the United States and worldwide [1] . Although the estimated new cases in the United States will exceed 200,000 annually [1] , the majority of Pca is presented as a localized and/or slow-growing disease, which does not need invasive treatments [2] . Currently, prostate-specific antigen (PSA) is the most commonly used serum biomarker for the detection of Pca in high risk populations [3] [4] [5] [6] . However, there are controversies regarding its clinical usefulness and benefits for prostate cancer patients [2, 6, 7] . The European Randomized Study of Screening for Prostate Cancer (ERSPC) revealed a 20% reduction of mortality in prostate cancer patients, but also demonstrated a high overdiagnostic rate in the screening populations [4] . Whereas, the United States Prostate, Lung, Colo-
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International Publisher rectal, and Ovarian (PLCO) cancer screening trial revealed no statistically significant differences of cumulative mortality rates between screening population and controls [5] . Recently, the US Preventive Services Task Force (USPSTF) has recommended against serum PSA-based screening for Pca (Grade D rating) [7] . Limitations of the serum PSA, such as lack of sensitivity and specificity, are well documented during clinical practices [2, [4] [5] [6] [7] . It is also well-known that the outcome of Pca patients correlates with the clinical behavior of the tumor, and serum PSA cannot be used reliably to differentiate slow-growing tumors from aggressive fatal tumors in Pca patients [4] [5] [6] [7] [8] [9] [10] [11] . Thus, this causes the clinical problem of under-treatment of aggressive tumors (AG), and over-treatment of non-aggressive tumors (NAG) [4] [5] [6] [7] [8] [9] [10] [11] .
In recent years, tremendous efforts have been focused on the discovery of novel biomarkers to improve the detection of Pca, particularly in the differentiation of aggressive subtypes of Pca from slow growing non-aggressive subtypes [6, 8, [11] [12] [13] [14] . Several new biomarkers have been reported, including serum markers of human kallikrein 2, tissue markers of urokinase-type plasminogen activator receptor (uPAR), α-methylacyl-CoA-racemase (AMACR), urine markers of uPAR, TMPRSS2-ERG, and others [8, [11] [12] [13] [14] . However, clinical utilities of these biomarkers are still under evaluation or in the validation phase. Other clinical tests, including non-invasive tests (serum proPSA as part of the prostate health index (phi) and urine prostate cancer antigen 3 (PCA3)), and invasive tests (using tumor tissue) such as Oncotype DX and Prolaris score (offered by the CLIA certified laboratories), have been approved by the US Food and Drug Administration and are used in the clinical practice [6] . However, none of these markers and/or tests including serum PSA can b e r e l i a b l y u s e d t o distinguish AG from NAG Pca.
Glycosylation is one of the most common post-translation modifications of proteins and plays an important role in cellular functions and cancer biology [15] [16] [17] [18] [19] [20] [21] . Studies have shown that aberrant glycosylations occur in many intracellular signaling pathways and eventually lead to the development of cancers [15] [16] [17] [18] [19] [20] [21] . Currently, most clinical cancer biomarkers are glycoproteins, such as PSA for Pca [3] [4] [5] , alpha-fetoprotein (a-AFP) for hepatocellular carcinoma (HCC) [22] , and carbohydrate antigen 125 (CA125) for ovarian cancer [23, 24] . It has been suggested that specific glycoforms of glycoproteins may be involved in a particular disease and/or subtype of cancers. For example, AFP-L3 is a core-fucosylated glycoform of AFP detected in serum of HCC patients, and it provides better specificity for diagnosing HCC [25] . Aberrant glycosylation of glycoproteins has also been related to accelerated tumor growth and the development of metastasis in a variety of cancers [26] , features seen in aggressive cancers. Taken together, these findings indicate that specific glycoforms of glycoproteins have the potential to be used as biomarkers not only to improve the diagnostic accuracy of cancer, but also to detect AG tumors.
In this study, we analyzed serum samples from Pca patients using multiplex immunoassay, based on lectin-affinity capturing of fucosylated glycoprotein and protein-antibody immunoreactivity. Levels of glycoproteins and their fucosylated glycoforms were measured and correlated with the Gleason score of the tumor. The purposes of our study are to identify fucosylated glycoproteins in serum samples from Pca patients, and to evaluate their potential clinical utilities in the differentiation of AG from NAG tumors.
Materials and methods

Serum sample collection
Serum samples from 47 Pca patients were collected from the Johns Hopkins hospitals. All patients had either biopsy or surgical resection of the tumor. The criteria of the International Society of Urological Pathology (ISUP) Consensus were used to determine Gleason scores of tumors [9] . Serum samples were aliquoted and stored at −80°C prior to the analysis. Each serum sample underwent no more than three freeze/thaw cycles prior to the test. The clinical information, including serum PSA levels and the Gleason score of the tumor were correlated. The use of clinical samples was approved by the Johns Hopkins Institutional Review Board. All study cases were annotated with available clinical information in a manner that protected patient identities.
Reagents
Agarose-bound Aleuria Aurantia Lectin (AAL) beads were purchased from Vector Labs (Burlingame, CA). Multiscreen filter plates were from Millipore (Billerica, MA). Bio-Plex Pro TM magnetic COOH beads, amine coupling kits, and cytokine assay kits were purchased from Bio-Rad Laboratories (Hercules, CA). Biotinylated AAL was purchased from Vector Labs (Burlingame, CA). Biotinylated detection antibody was prepared with Thermo Scientific (Rockford, IL) EZ-link Sulfo-NHS-Biotin (Catalog #21326).
Human recombinant PSA (Catalog #PO725), human PSA mouse monoclonal antibody (Catalog #MP077-BP001) for capture, and biotinylated mouse monoclonal antibody (Catalog #MP007-AP002S) for detection were purchased from Scripps Laboratories (San Diego, CA). Mouse myeloma cell line NS0-derived human recombinant TIMP1 (Catalog #970-TM-010), human TIMP1 mouse monoclonal IgG2B antibody (Catalog #MAB970, clone #63515) for capture, and biotinylated human TIMP1 goat polyclonal IgG antibody (Catalog # BAF970) for detection were purchased from R&D Systems (Minneapolis, MN). Chinese Hamster ovary cell line CHO-derived human recombinant tPA protein (Catalog #ab92637), human tPA mouse monoclonal antibody (Catalog # ab82249) for capture, and biotinylated human tPA rabbit polyclonal IgG antibody (Catalog #ab28208) for detection were purchased from Abcam (Cambridge, MA).
Capture of fucosylated glycoproteins
Agarose AAL Lectin beads were deposited, 100µl per well, into multiscreen filter plates and subsequently washed three times with 150µl of a sample diluent (from the Cytokine Assay Kit) as the binding buffer via the centrifugation. Multiscreen filter plates containing agarose beads were then mixed well with the sample diluent on a shaker for 10 minutes and centrifuged at 2700 rpm for 5 minutes to remove the solution. Thirty microliter of serum sample was diluted with the sample diluent at 1:4 ratios to a total volume of 120 µl. Then, diluted sera at 120 µl per well were added to multiscreen filter plates containing agarose beads and incubated on a shaker for 1 hour at the room temperature. After incubation, the flow through was collected by centrifuging at 2700 rpm for 5min. Then, AAL beads were washed three times with sample diluent to remove non-specific bindings. Target glycoproteins were eluted out with 120µl of 100 mM fucose in sample diluent by gentle shaking on a shaker for 1hr and elution was collected by centrifugation.
Detection of glycoproteins
Following manufacturer's protocol, capture antibodies of PSA, TIMP1 and tPA were coupled to Bio-Plex Pro TM magnetic COOH beads using the BioRad Amine Coupling Kit. The magnetic beads were validated with IgG antibodies and determined its beads concentration with hemocytometer before storage at 4˚C.
Fifty microliter of the serum samples obtained using the AAL glycoprotein capturing method stated above were incubated with 2500 coupled magnetic beads per antibody for 1 hour at the room temperature. Prior to perform the multiplex assay, biotinylated detection antibody of PSA, TIMP1 and tPA were prepared and diluted to 2µg/mL with a detection antibody diluent (supplied in the Cytokine Assay kit). After incubation of samples with magnetic beads, the beads were washed and incubated with 25µl of detection antibody mixture for 30 minutes at the room temperature. Once again, beads were washed before incubation with 50µL of 2µg/mL streptavidin-phycoerythrin for 10 minutes at the room temperature. After washing steps, the individual glycoprotein was analyzed by the multiplex assays using the Bioplex 200 System.
For the multiplex immunoassay, three calibration curves were established using 8 calibrators of 100, 25, 6.25, 1.56, 0.39, 0.1, 0.025, and 0 ng/mL of human recombinant PSA, tPA or TIMP1. The same calibrators were used for the comparison of multiplex and single immunoassays. Calibration curves for protein quantification were established using the 5-parameter nonlinear regression model of Bio-Plex Manager™ 6.0. Protein concentrations were calculated using calibration curves and reported by Bio-Plex Manager™ 6.0.
Data Analysis
The ratio (percentage) of fucosylated glycoproteins was calculated by using the value of individual fucosylated glycoprotein against its total value in the serum. The statistical analysis and linear regression were performed by the KaleidaGraph (version 4.5.0, Synergy Software). The predictive power of individual glycoprotein was assessed using the receiver operating characteristics (ROC) curve. The value of area under curve (AUC) was calculated as an indication of the accuracy prediction. The ROC curves were generated using the program written in Matlab. Kolmogorov-Smirnove test (K-S test) was used to compare the result of two ROC analyses. A P-value of <0.05 was considered as statistically significant.
Results
Clinical information
A total of 47 histomorphology-proven Pca patients were included in our study. The average age of patients was 60.0±7.9 years (ranged from 44 to 79 years). The average level of serum PSA was 15.13±2.14 ng/mL, ranging from 1.9 to 54.5 ng/mL. Among patients, 29.8% tumors (n=14) were Gleason score 6, 27.7% (n=13) were Gleason score 7, 21.3% (n=10) were Gleason score 8, and 21.3% (n=10) were Gleason score 9. Gleason scores of 47 tumors at the initial diagnosis and patients' corresponding serum PSA levels were summarized in Table 1 . Average levels of serum PSA in the Gleason score 6, 7, 8 and 9 were 9.3±2.1, 6.1±1.5, 19.9±4.7 and 30.2±5.5 ng/mL. Our data also demonstrated that serum PSA was not always elevated in high Gleason score tumors as indicated in Table 1 . For example, the serum PSA level in the Gleason score 6 tumor ranged from 1.9 to 26.6 ng/mL, whereas, the average serum PSA level in the Gleason score 9 tumor ranged from 2.2 to 54.5 ng/mL. 
Serum glycoproteins and their fucosylated forms in Pca patients
Glycoproteins in sera of Pca patients were analyzed using our recently developed the multiplex immunoassay with modifications [27] . The system contains two steps, lectin AAL affinity capture and monoclonal antibody detection, based on protein sequences and glycan structure/linkage (e.g. core α1-6-and α1-3-linked fucosylation). Briefly, AAL lectin beads were used to capture glycoproteins containing fucosylated glycans, then, individual glycoprotein was identified by protein-antibody immunoassay ( Figure 1A) . The standard curves of individual glycoprotein were established using human recombinant PSA, TIMP1 and tPA, and were used for quantifications of serum glycoproteins ( Figure 1B) . By using this approach, we were able to detect not only candidate glycoproteins in the serum but also their fucosylated forms.
Levels of glycoprotein PSA, TIMP1 and tPA, and their fucosylated forms, were summarized in the Table 2. Average serum levels of PSA, TIMP1 and tPA were 15.13±2.14 ng/mL, 80.80±4.44 ng/mL and 4.89±0.32 ng/mL, average levels of fucosylated PSA, TIMP1 and tPA were 6.27±1.99 ng/mL, 25.34±1.84 ng/mL and 1.59±0.13 ng/mL, whereas, the % fucosylated PSA, TIMP1 and tPA were 27.01%±3.62%, 34.42%±2.83% and 33.95%±1.94%. 
Correlation of serum glycoproteins with tumor Gleason scores
Three serum glycoproteins of PSA, TIMP1 and tPA showed variable levels in Pca patient sera when correlated with patients' tumor Gleason scores (Figure 2) . For total and fucosylated PSA, their levels correlated with the Gleason score of tumors. In particular, fucosylated PSA and % fucosylated PSA levels showed significant differences between patients with Gleason score >6 tumors and tumors with Gleason score equal to 6 (p values of 0.0146 and 0.0053 respectively) ( Table 3 and Figure 3) . The correlation coefficient of total serum PSA versus fucosylated PSA in patients with different Gleason scores was summarized in Figure 4 . Levels of total PSA and fucosylated PSA showed strong correlation coefficients in both groups of Gleason score 6 and Gleason score >6 tumors. Slopes of the linear equation in Gleason 6 and >6 group were quite different, 0.208 and 0.692, respectively.
For TIMP1, total levels of the protein were not significantly changed among tumors with different Gleason scores (Table 3, Figure 2 and Figure 3) . Although the fucosylated form showed a decreased trend in patients with Gleason score >6 tumors, it did not reach the statistical significance (P>0.05) ( Table 3) . Similar to TIMP1, tPA did not show significant changes of either total or fucosylated form between Gleason score >6 and Gleason 6 tumors (P>0.05) (Table 3, Figure 2 and Table 3) .
Taken together, our data demonstrated that PSA, including its native and fucosylated form, was clearly superior to that of TIMP1 and tPA in the separation of Gleason score >6 tumors from Gleason score 6 tumors. These changes of PSA were correlated significantly with tumor Gleason scores (Figure 2, Table 3 ). It was also interesting that the ratio of fucosylated PSA was significantly elevated in Pca patients. 
Fucosylated PSA in the differentiation of Gleason score >6 from Gleason score 6 tumors
We analyzed serum PSA, fucosylated PSA, and the ratio of fucosylated PSA (fucosylated PSA/total PSA) in the differentiation of Gleason score >6 from 6 tumors by receive operating characteristic (ROC) curves ( Figure 5 and Figure 6 ). We also compared the performance of PSA with TIMP1, since the fucosylated TIMP1 showed variable changes in Pca.
Between Gleason score 6 and Gleason score >6 tumors, the fucosylated PSA achieved a better predictive power (AUC=0.7056) when compared with the total serum PSA (AUC= 0.6558) (Figure 5) . Moreover, by using the ratio of fucosylated PSA as predictive marker, it achieved even better performance when compared with the total serum PSA (AUC=0.7762, P<0.05, P=0.036) (Figure 5) . We further investigated the performance of fucosylated PSA and the ratio of fucosylated PSA in the differentiation of Gleason score 8-9 tumors from Gleason score 6 tumors by the ROC analysis (Figure 6 ). They showed significantly higher predictive powers (AUC=0.8393 and 0.8643, respectively, P<0.05). Our data demonstrated that the fucosylated PSA, particularly the ratio of fucosylated PSA, could improve the predictive power and might provide additional information in the differentiation of Gleason score >6 from Gleason score 6 tumors (P<0.05).
In comparison to PSA, native TIPM1 had a suboptimal performance (AUC=0.4416) (Figure 5) . Similarly, both fucosylated TIMP1 and the ratio of fucosylated TIMP1 showed better predictive powers (AUC=0.6234 and 0.6515, respectively). However, the overall performance of fucosylated TIMP1was still suboptimal when compared to the fucosylated PSA ( Figure 5 and Figure 6 ). 
Discussion
The recent US Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial (PLCO) had shown that among clinically diagnosed Pca, 77.2% of them were Gleason score 6 tumors a n d 2 2 .8 % w e r e Gl e a s o n s co r e g r e a t th a n 6 tu mo r s [ 2] . P c a w i th th e Gleason score 6 or less is considered as a clinically indolent/non-aggressive tumor, which is unlikely to cause significant symptoms or mortality [9, [28] [29] [30] . Pca with the Gleason score greater than 6, particularly those with the Gleason score great than 7 tumor is considered to be an AG tumor which needs an optimal clinical management [9, [28] [29] [30] . Evaluation of the tumor's Gleason score is an invasive biopsy procedure, which has the risk of developing serious complications [4, 5, 7, 29, 30] . Clinically, it is notoriously difficult to separate aggressive tumors from indolent low Gleason score non-aggressive tumors without invasively biopsying of the tumor tissue.
Although a high level of serum PSA has been considered an indicator of a clinical aggressive tumor, our study and others have shown that not all patients with aggressive tumors have elevated levels of serum PSA. We have compared levels of serum PSA in prostate cancer patients with their individual Gleason score (Table 1 and Figure 2 ) as well as in groups (i.e. Gleason score 6 versus >Gleason score 6 in Figure 3) . Levels of serum PSA increased as the tumor Gleason score increased, particularly in Gleason score 8 and 9 tumors (Table 1 and Figure 2) , however, if we compared serum PSA of Gleason score 6 tumor (non-aggressive tumor) with Gleason score >6 tumor (aggressive tumor), serum PSA levels were not significantly different (P> 0.05, P=0.1049 in Figure 3 ). Our data were consistent with previous reports (shown in reference 2, 4-7) that serum PSA had a limited ability in the separation of aggressive tumors from non-aggressive tumors. Furthermore, the United States Preventive Services Task Force (USPSTF) has recently recommended against PSA-based screening for Pca (Grade D rating) due to over-diagnosis (approximately 80% of PSA test results were false-positive when cutoff values from 2.5 to 4.0 ug/L were used) [4] , and lack of evidence to improve Pca patient survival [7] . Thus, it is crucial to differentiate aggressive tumors from non-aggressive tumors using a non-invasive approach to guide the optimal management of the Pca patient.
In addition of analyzing serum levels of PSA, TIMP1 and tPA, we also investigated their fucosylated glycoforms in Pca patients using the multiplex immunoassay, and correlated levels of these serum glycoproteins with the Gleason score of the tumor. All Pca patients in our study had either biopsy proven or surgical resection of the tumor, which confirmed the histological diagnosis and the Gleason score of the tumor. By analyzing total serum PSA, TIMP1, and tPA, and their AAL-bound fucosylated glycoproteins in well-annotated prostate cancer patients, we demonstrated that levels of fucosylated PSA, TIMP1, tPA were differentially present. Among these fucosylated glycoproteins, changes of TIMP1 and tPA as well as their fucosylated forms were not significantly different between Gleason score <6 and >6 tumors (P>0.05). Only fucosylated PSA wa significantly elevated and positively correlated with the tumor Gleason score. The fucosylated PSA was 1.69±0.46 ng/mL in patients with Gleason score 6 tumors, and 8,21±2.76 ng/mL in patients with Gleason score >6 tumors (p<0.05).
Based on above findings, we further analyzed the ratio of fucosylated PSA in total serum PSA, and find that the ratio of fucosylated PSA was 16.3%±1.3% in Gleason score 6 tumors and 34.9%±5.4% in Gleason score >6 tumors, respectively (P<0.01). ROC analyses showed that the fucosylated PSA achieved a better predictive power for identification of AG tumors (Gleason score >6 tumors, AUC=0.7056) when compared with the total serum PSA (AUC=0.6558) as well as other fucosylated glycoproteins. Moreover, by using the ratio of fucosylated PSA as predictive marker, it achieved even more significantly better performance for the identification of AG tumors, representing in Gleason score of 8-9 group (AUC=0.8643, P<0.05). Our findings indicated that the measurement of fucosylated PSA, particularly the ratio of fucosylated PSA might provide a valuable clinical information to aid in the separation of AG from NAG tumor without biopsying the tumor. The detection of the ratio of fucosylated PSA in serum is a minimally invasive procedure, therefore, it may be used as a surrogate test to separate AG/high Gleason score tumors from NAG tumors and to guide optimal clinical management for Pca patients.
Our data showed a relatively wider distribution of fucosylated PSA than native PSA (Figure 3b ). This could be caused by several reasons. Frist, the native PSA might not be equally fucosylated, i.e. some native PSA were heavily fucosylated, showing higher values and causing a wider distribution of data. Second, it might be caused by the analytic bias, i.e. the sensitivity of the detection method might need to be further improved. Finally, our findings were based on a small sample size, a larger scale study might be necessary to further validate our findings.
In Pca, several recent studies using mass spectrometry (MS)-based proteomics have found that glycoproteins, including tissue inhibitor of metallopeptidase 1 (TIMP1), tissue plasminogen activator (tPA) and membrane metallo-endopeptidase (MME), and dipeptidyl peptidase-IV (DPP-4) are differentially expressed in Pca tumor tissue [31, 32] . Recently, we developed a novel multiplex detection system to further analyze these glycoproteins and their glycoforms in tumor tissues as potential candidate biomarkers for the separation of AG from NAG; we found that several aberrant glycosylations of these proteins were present in tumor tissues [27, 33] . For example, increased β1-6 branching of N-glycans and α1-2 fucosylation was detected by phytohemagglutinin-L (PHA-L) and ulex europaeus agglutinin (UEA) lectin affinity chromatography [27, 33] . Others using quantitative real-time polymerase chain reaction (RT-PCR) analysis of glycosyltransferases in Pca cell lines and tumor tissue demonstrated elevated mRNA levels of fucosyltransferase 1 (Fut1) genes in cancer cases [34] . Saldova R, et al reported that levels of core-fucosylated biantennary glycans were significantly increased in serum from Pca patients [35] . Several recent studies have also demonstrated the aberrant fucosylation in Pca [36, 37] . Kyselova et al. described a significant increase in fucosylation in 24 Pca patients' sera in comparison to 10 healthy control males, and the elevated fucosylation was found in metastatic Pca [37] . Our recent study demonstrated that the overexpression of fucosyltransferase (FUT8) in prostate cancer tissues, the major enzyme responsible for alpha (1, 6) core fucosylation, correlated with high Gleason scores of tumors, and could be detected in metastatic Pca [38] . These studies demonstrated that fucosylation plays an important role in Pca, and elevated level of fucosylated PSA in the serum could represent the aggressiveness of prostate cancer. For the first time, we demonstrated that fucosylated serum PSA could be used to distinguish the aggressive prostate cancer from non-aggressive cancer.
In addition to fucosylated PSA, other glycoforms of PSA can also be detected in the serum of Pca patients. For example, sialylated PSA has been detected in the serum of Pca patients [33] . The sialylated PSA has been shown to be better in the detection of higher grade Pca than that of native PSA by ROC analysis (AUC=0.54). However, in the current study fucosylated PSA appeared to be better than sialylated PSA in the detection of aggressive Pcas as indicated by the ROC analysis (AUC=0.7056). Taken together, these data suggest that glycosylation of PSA is promising and further validation will be useful.
In summary, we used a non-invasive approach and analyzed serum fucosylated glycoproteins from Pca patients using multiplex immunoassays, based on AAL lectin-affinity capturing and protein-antibody immunoreactivity. Our data demonstrated that the fucosylated PSA was elevated and correlated with tumor Gleason scores. Both fucosylated PSA and the ratio of fucosylated PSA have better predictive powers to separate Gleason score >6 tumors (representing aggressive Pca) than that of native PSA and other fucosylated glycoproteins. Our data suggested that the fucosylated PSA had the potential to be used as a biomarker to separate aggressive from non-aggressive prostate cancers.
